Completion of eukaryal genomes can be difficult task with the highly repetitive sequences along the chromosomes and short read lengths of secondgeneration sequencing. Saccharomyces cerevisiae strain CEN.PK113-7D, widely used as a model organism and a cell factory, was selected for this study to demonstrate the superior capability of very long sequence reads for de novo genome assembly. We generated long reads using two common third-generation sequencing technologies (Oxford Nanopore Technology (ONT) and Pacific Biosciences (PacBio)) and used short reads obtained using Illumina sequencing for error correction. Assembly of the reads derived from all three technologies resulted in complete sequences for all 16 yeast chromosomes, as well as the mitochondrial chromosome, in one step. Further, we identified three types of DNA methylation (5mC, 4mC and 6mA). Comparison between the reference strain S288C and strain CEN.PK113-7D identified chromosomal rearrangements against a background of similar gene content between the two strains. We identified full-length transcripts through ONT direct RNA sequencing technology. This allows for the identification of transcriptional landscapes, including untranslated regions (UTRs) (5 UTR and 3 UTR) as well as differential gene expression quantification. About 91% of the predicted transcripts could be consistently detected across biological replicates grown either on glucose or ethanol. Direct RNA sequencing identified many polyadenylated non-coding RNAs, rRNAs, telomere-RNA, long non-coding RNA and antisense RNA. This work demonstrates a strategy to obtain complete genome sequences and transcriptional landscapes that can be applied to other eukaryal organisms.
INTRODUCTION
The genome of the most well studied eukaryotic model organism, Saccharomyces cerevisiae strain S288c, was sequenced and released in 1996; it was the first complete, high quality genome sequence of an eukaryal organism (1) . Since then, the development of DNA sequencing technologies has yielded scientific breakthroughs that enable us to obtain and analyze genomic DNA sequences at a faster, more economical pace (2) . As of August 2017, the NCBI genome database lists >500 Saccharomyces genomes and 4600 eukaryal sequenced genomes. However, <1% (35 genomes) of these are classified as 'complete genomes', which harbor contiguous chromosomal sequence(s) without gaps (definition by NCBI); this includes 1 animal (Caenorhabditis elegans), 29 fungi and 5 protists. All of these have relatively small genome sizes, most <100 Mb. Thus, >99% of the eukaryal genomes are drafts, and virtually all of the larger genomes are incomplete. There are many limitations of draft genomes, which can lead to misinterpretations (e.g. see (3) ). Complete genome status should be the objective for a genome-sequencing project, even though draft genomes can provide most of the coding sequences that are sufficient to gain functional insights about an organism. Once a genome is obtained, transcriptional analysis can be performed to improve gene annotation and identify dynamic signatures of gene expression. Traditional RNA-Seq has e38 Nucleic Acids Research, 2018, Vol. 46, No. 7 PAGE 2 OF 15 been widely employed in several studies as a powerful tool for transcriptomics (4) .
The small percentage of complete genome sequences in both eukaryotes (as mentioned above) and prokaryotes (5) strongly indicates the difficulties and high cost of properly locating and ordering DNA segments obtained from assemblers as well as resolving ambiguities or discrepancies among reads for a completely assembled genome sequence (3) . One major limitation lies in reads generated from DNA sequencing technologies. Firstgeneration sequencing technology (6) can generate moderately long and accurate reads, but is a slow and expensive method for obtaining the high sequencing depth required for genome assemblers. Second-generation sequencing technologies (7) (such as Illumina, 454 and Ion-torrent) can generate massive amounts of reads with high accuracy, although the reads are too short to allow for the de novo assembly of complete genomes (8) , resulting in pieces of DNA rather than chromosomal-sized contiguous sequences. Nevertheless, DNA spanning technologies from BioNanoGenomics, 10X Genomics, and Dovetail cHiCago sequencing company can produce long pieces of DNA sequence (with a mean span length of 30-250 kb depending on the technology) from short reads. Third-generation sequencing technologies can generate very long reads at the single-molecule level, though the error rate is high. Pacific Biosciences (PacBio) has developed Single Molecule Real Time (SMART) technology that offers two sequencing strategies--continuous long read (CLR) and circular consensus long read (CCS). The error rate of raw reads derived from CLR approach is around 13% (7, 9) . The high level of error can be reduced to ≤1% (7) with the CCS approach (multiple passing), which involves sequencing shorter DNA pieces, typically lower than 25 kb, several times. Oxford Nanopore Technologies (ONT) has developed a portable sequencing device called MinION that is able to perform single-molecule DNA sequencing (10) and, recently, cDNA sequencing (11) . The DNA sequencing by ONT also offers two chemistries--1D and 1D 2 for the latest version of flow cell R9.4/R9.5. The raw reads generated by 1D chemistry have a sequencing error rate similar to PacBio CLR, with possible read lengths of more than 300 kb (10) . By using 1D 2 chemistry, the mean error rate can be improved to <4%, although the throughput will be reduced by half when compared to the 1D chemistry. In addition, both PacBio and ONT can directly detect DNA methylation (12) (13) (14) , providing additional valuable information for epigenetics.
The S. cerevisiae strain CEN.PK113-7D, the offspring of parental strains ENY.WA-1A and MC996A, is used extensively in academic and industrial research, especially in metabolic engineering and systems biology, due to a combination of ease of genetic manipulation and a fast growth rate (15) . Based on systems biology analysis by Canelas et al. (16) , the phenotypic differences between CEN.PK113-7D and S288C are mainly observed in protein metabolism and ergosterol biosynthesis. Having a high quality complete genome for this strain is important for a detailed mechanistic understanding at the systems biology level. Otero et al. (17) first performed whole-genome sequencing of the CEN.PK113-7D strain using short reads (35 bp) with 18X coverage to identify single nucleotide variations (SNVs) compared to the S288c strain. Some of these SNVs were related to metabolic differences between the two strains. Later, Nijkamp et al. (18) performed a de novo assembly of the CEN.PK113-7D strain genome, with sequences from a GS FLX+ system, 454 Life Sciences (average read length of 350 bp) and Illumina short reads (2 × 50 bp). The result was a draft genome sequence, with 565 contiguous DNA sequences (contigs) instead of the contiguous 16 chromosomes. Recently, third-generation sequencing was used to sequence the genomes of S. cerevisiae strain S288C and other isolates (19) (20) (21) . The promising results from the de novo assembly of ONT+Illumina and PacBio+Illumina gave a high degree of sequence scaffold continuity-->99% accuracy when compared to the reference genome sequence of S288C. However, the sequence of all 16 chromosomes was still not complete (19) .
In this study, we performed whole-genome sequencing of the CEN.PK113-7D strain with a combination of three sequencing technologies: PacBio, ONT and Illumina (22) to obtain a complete genome sequence by de novo assembly. We also performed a genome comparison between the S288C and CEN.PK113-7D strains. Further, we identified the transcriptional landscapes of the CEN.PK113-7D strain under diauxic growth conditions, using ONT direct RNA sequencing technology.
MATERIALS AND METHODS

Genomic DNA extraction and cell cultivation
Saccharomyces cerevisiae CEN.PK113-7D (MATa MAL2-8c SUC2, obtained from Dr Peter Kötter, Frankfurt, Germany) was cultivated overnight in 15 ml of yeast extract peptone dextrose (YPD) medium (10 g/l yeast extract, 20 g/l of peptone and 20 g/l of glucose). We used the Blood & Cell Culture DNA Mini Kit (Qiagen, Hilden, Germany) to extract genomic DNA from 3 ml of the overnight yeast culture (∼5 × 10 8 cells). The protocol recommended by the manufacturer was modified for yeast cells in the following steps: (i) the lyticase digestion was extended to 1 h, (2) the spheroplasts were centrifuged at 2000 × g for 5 min, (iii) proteinase K digestion was performed at 60
• C for 2.5 h, (iv) RNase A was added after the proteinase K digestion, (v) RNase A incubation was performed overnight at 37
• C and the final elution volume was reduced to 1 ml of buffer QF and (vi) after the precipitation with isopropanol, the DNA was spooled by inverting the tube, recovered with a pipette tip, washed in 1 ml of cold ethanol 70%, dried at room temperature for 10-20 min and dissolved in 0.1× TE buffer (1 mM Tris, 0.1 mM EDTA, pH 8.0).
RNA extraction and cell cultivation
We extracted RNA from S. cerevisiae CEN.PK113-7D cultivated in 50 ml of defined media as previously described (23) with 20 g/l of glucose, 7.5 g/l of (NH4) 2 SO 4 , 14.4 g/l of KH 2 PO 4 and the pH adjusted to 6.5 with NaOH. We sampled the culture on two different time points: midexponential growth on glucose (∼4.3 × 10 7 cells/ml) and oxidative growth on the ethanol/fermentation products (∼2.6 × 10 8 cells/ml). At each sampling point, we quickly transferred 15 ml of the sample into a 50 ml conical tube PAGE 3 OF 15 Nucleic Acids Research, 2018, Vol. 46, No. 7 e38 half-filled with ice pellets, centrifuged it at 2000 × g for 5 min, snap froze it on liquid nitrogen and stored it at -80
• C. We used the RNeasy Mini Kit (Qiagen, Germany) to extract RNA from 3 to 4 × 10 8 frozen cells with the protocol recommended by the manufacturer. The cells were disrupted in 2-ml tubes filled with 500 mg of acid-washed glass beads (425-600 m particle size of Lysing Matrix C, MP Biomedicals) using a FastPrep-24 Instrument (MP Biomedicals, California, USA) at 6.0 m/s for 40 s. We used the total RNA obtained from the three biological replicates for direct RNA sequencing following manufacturer recommendation on the starting amount of poly-A RNA of 500 ng.
Library preparation and genomic DNA sequencing by PacBio
We produced one PacBio library using the SMRTbell™ Template Prep Kit version 1.0 according to manufacturer's instructions. In brief, we sheared 10 g of genomic DNA per library into 20 kb fragments using the Megaruptor system, followed by an exo VII treatment, DNA damage repair, and end-repair before ligation of hairpin adaptors to generate a SMRTbell™ library for circular consensus sequencing.
We then subjected the library to exo treatment and PB AMPure bead wash procedures for clean-up before it was sizeselected with the BluePippin system with a cut-off value of 9000 bp. We used one SMRTcell™ to sequence the DNA library on the PacBio Sequel instrument using the Sequel 2.0 polymerase and 600 min of movie time. The high quality PacBio reads are deposited in an SRA database under BioProject:PRJNA398797, SRP116559.
Library preparation and genomic DNA sequencing by ONT
We performed genomic sequencing using the Rapid Sequencing Kit for genomic DNA SQK-RAD002 (ONT, USA), The protocol of the library preparation is provided in Supplementary link. The DNA library was eluted and loaded onto a flow cell for sequencing. We accomplished the flow cell loading in three steps: (i) draw back a small volume to remove any bubbles, (ii) prime the flow cell and (iii) add 75 l of sample to the flow cell via the sample port in a dropwise fashion. We sequenced the genomic DNA on a single R9.5/FLO-MIN107 flow cell on a MinION Mk1B for 48 h. We further base-called the signal files (.fast5) using Albacore version 1.2.6 (ONT, USA). The high quality DNA reads from ONT are deposited in an SRA database under accession number BioProject: PRJNA398797, SRP116559.
Library preparation and direct RNA sequencing by ONT
We performed direct RNA sequencing using the Direct RNA Sequencing protocol for the MinION with the SQK-RNA001 kit (ONT, USA), which recommends 500 ng of poly-A RNA for input. We purified poly-A RNA from total RNA of either glucose condition or ethanol conditions. In all, we used about 222-550 ng of poly-A RNA purified from glucose and ethanol conditions as the input for library preparation, in adherence to the kit protocol. The protocol of the library preparation is provided in Supplementary link. We then loaded the library onto a flow cell (the same way of the DNA sequencing described previously) and sequenced the polyadenylated RNA on a single R9.5/FLO-MIN107 flow cell on a MinION Mk1B for 48 h. For base calling, we used the local-based software Albacore version 2.1.0. The high quality RNA reads from ONT are deposited in an SRA database under accession number BioProject:PRJNA398797, SRP116559.
Bioinformatics and statistical analysis
De novo assembly and polishing. We first filtered the raw reads from both ONT sequencings using a mean quality score cutoff of 9 in the Albacore software (version 1.2.6) to obtain ONT high quality ONT reads. We obtained high quality PacBio reads from SMART link software using the default setting. Only reads longer than 500 bases were kept as high-quality reads and used for further analyses. The high quality reads from both ONT and PacBio were identified in their overlap using GraphMap software version 0.52 (24) .
For de novo assembly of the reads, we used Canu software version 1.5 (25) (at default parameters) with three strategies: (i) use ONT reads alone, (ii) use PacBio reads alone and (iii) use both ONT and PacBio reads. We will call the contigs obtained from the genome assemblies ONT assembly, PacBio assembly and OP assembly, respectively. We used Pilon software version 1.22 (26) to further polish the assembled contigs with Illumina reads of our previous published data (22) to obtain a high quality genome.
Genome comparison, computational annotation, and methylation analysis. With the complete S288C genome and annotation information (version R64) from the Saccharomyces Genome Database (SGD), we used MUMMER software version 3 for global genome comparisons of the assemblies with the S. cerevisiae strain S288C genome (27) . We selected the best assembly contigs result (OP assembly) to perform genome annotations. We annotated the open reading frames (ORFs) of coding sequences (CDSs) and RNA non-coding sequences on the CEN.PK113-7D genome by the similarity search using the ORF sequences of the S288C query against the CEN.PK113-7D genome sequence using Blat software version 36 (28) . In addition, we employed ab initio CDS calling using AUGUSTUS software version 2.5.5 (29) to identify possible new CDSs in the CEN.PK113-7D genome that were probably not present in S288C. For the local genome comparisons, we used LAST software version 1.04.00 (30) to identify synteny, inversion, and translocation events between S288C and CEN.PK113-7D chromosomes. Further, we called the possible DNA methylations at the signal level of DNA sequencing using Nanopolish (default parameters) to identify 5mC methylation (14) for ONT reads. For PacBio reads, we used blasr (31) and employed kinetic tools from SMRT link software version 4.0 to identify 4mC and 6mA methylations, using a cut-off of P-value of 0.001 and >30 reads coverage. We took the results derived from the genome's features and comparisons and summarized and plotted them for global visualization using Circos software version 0.69-4 (32).
Transcriptional landscape analysis. We first filtered the raw reads obtained from direct RNA sequencing with Albacore (version 1.2.6) using a quality score cutoff of 8 to ob- (24) to align the high quality reads on the CEN.PK113-7D complete genome to identify transcriptional landscapes. We used two strategies--direct chromosome alignment and transcript model guided alignment--to map the direct RNA sequence reads. We quantified the gene expression levels based on the transcript model guided alignments by counting the number of mapped reads with respect to the transcript location using bedtools software version 2.26 (33) . We performed the differential gene expression analysis in ethanol versus glucose conditions with the negative binomial statistic approach on the DESeq2 package (34) . The P-value of each individual transcript was corrected for multiple testing using the Benjamini-Hochburg method to generate adjusted P-values. We used the PIANO package (36) to perform the gene set analysis of Gene Ontology (GO), which is the control vocabularies describe gene function, and relationships that are organized in a hierarchical structure (35) . We selected the GO terms that have adjusted enrichment P-value less than 10e-6 and plotted a heatmap. In addition, we re-analyzed the Illumina RNASeq data from our previous study (22) by only mapping the reads on the CEN.PK113-7D complete genome using Stamy aligner version 1.0.31 with the default parameters (37) . To compare the dynamic range of direct RNA sequencing (this study) with traditional RNA-Seq (Illumina RNA-Seq data from our previous study (22)), we calculated the mean coverage depth based on the mapped reads for each transcript for both datasets (see detail of calculation in the Supplementary text). We used the distribution of the mean coverage depth of each biological replicate for the dynamic range comparison. To identify UTR regions, we developed a Python script in-house for mapping the 5 and 3 ends of gene boundary detected by direct RNA sequencing by searching for a sharp reduction in signals at both ends of mapped reads. The regions between gene boundaries and ORFs can be defined as 5 and 3 UTRs at 5 and 3 ends of a given transcript, respectively.
The details of all bioinformatics commands used and the Python script are provided in Supplementary text.
RESULTS
Third-generation sequencing long reads
We generated high quality sequencing reads with thirdgeneration sequencing using both ONT and PacBio. We obtained about 130 000 reads from ONT MinION, corresponding to 830 million bases (Mb) of data, with an N 50 (the shortest sequence length at 50% of sequenced bases) of 12 500 bases; this corresponds to a 69-fold genome coverage for the yeast genome. Using the CCS chemistry of PacBio, we generated a higher number of reads (∼739 000), with 4 900 Mbp of data with an N 50 of 8700 bases. Although the PacBio had shorter average read length, the larger number of reads resulted in a 408-fold coverage, about six times greater than obtained with the ONT sequencing. The details of the third-generation sequencing reads are provided in the supplementary Table TS1 . The distribution of the read lengths ( Figure 1A) shows that ONT generated longer reads than PacBio. We investigated the overlap of reads between ONT and PacBio and found a high level of overlap ( Figure 1B) , even though the number of reads generated from PacBio were 5.6 times more than ONT. Surprisingly, about 13% and 12% of the reads were specific (nonoverlapping) for ONT and PacBio sequencing, respectively. The non-overlapping reads may reflect differences in sample preparation; the PacBio library preparation has a DNA size selection procedure, whereas ONT does not have any size selection.
De novo genome assembly
We performed de novo assembly using the Canu software (25) , with three strategies: (i) use ONT reads only, (ii) use PacBio reads only and (iii) use both ONT and PacBio reads. For each strategy, we polished the assembly (base correction) using short reads (Illumina) and the Pilon software (26) . The resulting de novo assembly for all three methods produced full-length, contiguous DNA sequences for nearly all of the chromosomes and the mitochondria genome, with a length comparable to the S288C chromosomes (see the assemblies statistic in supplementary Table TS2 ). Notably, in all three cases, the assembled 2-micron plasmid is much longer than the known length of around 6.3 kb, as shown in Table 1 . Interestingly, the ONT assembly (obtained from strategy 1 has the best results, in terms of the correct number of known chromosomes (18 contigs = 16 chromosomes plus mitochondria plus 2-micron plasmid). The PacBio assembly (obtained from strategy 2) has 19 contigs, caused by a broken mitochondrial chromosome. The OP assembly (obtained from the strategy 3), has the highest number of contigs (21 contigs), with three additional pieces of telomere DNA and two additional pieces associated with the 2-micron plasmid, which had a similar size when ONT or PacBio reads were used alone. Unexpectedly, a contig derived from OP assembly joined ChrVII with ChrXIII at their telomeric regions, as shown in supplementary Figure S1 . We investigated the mapped reads from ONT, PacBio, and Illumina on the joined chromosome region and found a clear breakpoint, then separated ChrVII and ChrXIII.
The 2-micron plasmid sequence obtained from all of our assemblies (ONT, PacBio and OP) is longer than the reported length of the 2-micron plasmid for strain S288C. We further investigated the long 2-micron contigs and found that the Canu assembler (25) had difficulty discriminating the extra depth from the multi-copy 2-micron plasmids (see supplementary Figure S2 ).
The complete genomes (all chromosomes) from the three assembly strategies were very similar, with a DNA identity of 99.95% and a similar number of CDS ORFs by the ab initio method AUGUSTUS (29) . We decided to use OP assembly to represent the whole genome of S. cerevisiae strain CEN.PK113-7D for further analysis and comparison because we believe that combining the reads will give the highest sequencing depth, leading to a high confidence genome sequencing. Moreover, the OP assembly has the highest average identity (see Table 1 ) when compared to Illumina reads if the broken mitochondria chromosome found using PacBio assembly is not considered. We further evaluated the assembly completeness by identifying telomeric repeats, which we found on both ends of all of the main chromosomes as illustrated in Figure 2 . The S. cerevisiae strain CEN.PK113-7D complete genome has been deposited in Genbank (accession numbers CP022966-CP022982).
Comparative genomics between the S288C and CEN.PK113-7D
The CEN.PK113-7D genome was first compared to the S288C genome by MUMMER (27) , yielding a global average DNA identity of 99.5%, (see the dot plot in supplementary Figure S3 ). The number of identified SNVs are 24 071; this number is comparable with previous reports (18, 22) . Interestingly, the number of identified insertion-deletions (INDELs) detected is 13 732, which is around four times higher than reported from experiments using short reads (18, 22) , possibly due to homopolymer problems commonly observed when using PacBio and ONT. The complete CEN.PK113-7D genome is shown in Figure 2A .a. The read coverage from the ONT, PacBio, and Illumina, as illustrated in Figure 2A .d, reveals the unusual high sequencing depth, linked with high DNA copy numbers for the mitochondrial chromosome, and also in the middle of chromosome XII, which contains a cluster of repeated rRNA genes. In S288C, rRNA genes are also found in the long repeat region of 9.1 kb on Chromosome XII. To ensure that the assembly results are valid, we investigated the read alignment over the region. We found some long reads that span over the long repeat region, as seen in supplementary Figure S4 . The larger mitochondrial DNA content has been previously reported to show an increase in cell growth and nuclear DNA replication (38) , reflecting the mid-log phase sampling point.
DNA methylation plays important roles in various cellular regulation pathways and is also known to be responsible for epigenetic modification, which is associated with human diseases (39) . Methylation in the upstream region of coding sequences can slow down the transcription process. S. cerevisiae has been used as an expression host to study higher eukaryote 5-methylcytosine (5mC), because the yeast is thought to contain no 5mC, as reported by Hattman et al. (40) and Capuono et al. (41) . Using third-generation DNA sequencing technologies, the 4-methylcytosine (4mC) and 6-methyladenine (6mA) can be captured on the PacBio reads (12) and 5mC can be captured on ONT reads (14) . Results of DNA methylation analysis are illustrated in Figure 2A .c. The Nanopolish software (14) identified only 40 5mCs, compared to thousands of methylation sites for 4mC and 6mA; none of the 5mCs are located in the upstream region of ORFs for the CEN.PK113-7D genome; this is consistent with other results obtained experimentally by LC-MS/MS methods (41) . SMART link software identified 6946 4mC and 4688 6mA with 359 sites and 297 sites located in the upstream region of ORFs, defined as 200 bp before the start codon and corresponding to the typical length of the yeast core promoter, as reported by Lubliner et al. (42) .
All assembled contigs from the previous study of Nijkamp et al. (18) can be almost perfectly mapped to our assembled genome with a 99.8% DNA identity, as illustrated in Figure 2A .e, indicating the comprehensive quality of our genome. The result from the assembly based on short reads (in Figure 2A .e) shows the difficulty in mapping the terminal regions of the chromosome, close to telomeres. Moreover, the assembly based on short reads missed the mitochondrial chromosome and the middle region of chromosome XII, where we found the unusual sequencing depth in our study.
Due to the high percentage DNA identity of the two yeast genomes (CEN.PK113-7D and S288C) , which are the same species, we used the annotated protein-encoding ORFs (5,996 ORFs) of the strain S288C genome to directly query the CEN.PK113-7D genome using the Blat software (28) , and identified 5,969 ORFs that hit as illustrated in Figure 2A .f. The hits resulted in 6,173 loci (annotated as CDS ORFs) on the CEN.PK113-7D chromosomes, indicating some genes had been duplicated. We found that 23 ORFs were absent in the CEN.PK113-7D genome (see supplementary Table TS3 ). This is less than previously reported by Nijkamp et al. (18) , indicating problems from unknown gaps that possibly derived from collapsed tandem repeats in the assembly based on short reads (see supplementary  Table TS3 ). Eighteen of the absent ORFs are in the set of previously reported missing genes; only five of the absent ORFs are uniquely identified in this study, possibly due to the different versions of S288C genome annotation used in the two studies. To look for possible additional ORFs in CEN.PK113-7D, we employed ab initio gene calling (29) , and yielded 52 ORFs that have high similarity to known proteins in the Uniprot database, indicating a high confidence for these additional ORFs (see supplementary Table  TS3 ). Furthermore, all 417 genes of non-translated RNAs (e.g. tRNA, rRNA, snRNA, snoRNA) of S288C hits on the CEN.PK113-7D genome by direct sequence queries resulted in identification of 412 loci in the CEN.PK113-7D genome.
We used LAST software (30) for a detailed chromosome comparison between the CEN.PK113-7D and S288C genomes and identified a total of 555 regions of chromosomal rearrangements. Considering only the regions >1 kb, there are 35 regions identified as synteny, translocation, or inversion of the chromosomes illustrated in Figure 2A .b (see supplementary Table TS4 ). We further examined the 32 regions that contain ORFs and found 12 synteny regions on chromosomes IV, VIII, IX, and XII as well as twoinversion regions on chromosome VII, as illustrated in Figure 2B (see supplementary Figure S5 ). The two largest synteny regions are 50 kb on chromosome IV with 28 ORFs and 13.5 kb on chromosome IX with 7 ORFs. The two two-inversion regions carry three retrotransposon-related ORFs. We also found 19 chromosome translocations with 35 ORFs on 9 chromosomes, as illustrated in Figure 2C . Interestingly, chromosome VII of S288C translocates into many chromosomes of CEN.PK113-7D (see supplementary  Table TS4 ).
CEN.PK113-7D transcriptional landscape and quantification
We explored the transcriptional landscape using direct RNA sequencing over two metabolic stages of diauxic growth: respiro-fermentative growth on glucose and oxida- tive growth on ethanol. Averaged across four biological replicates, we obtained ∼530,000 high quality reads with N 50 of 1150 bases, corresponding to ∼509 MB (59X of total transcripts length) for growth on glucose and ∼623 000 high quality reads with N 50 of 1263 bases, corresponding to ∼623 MB (72X of total transcripts length) for growth on ethanol (see detail in supplementary Table TS5 ). We then evaluated the error rate of the aligned direct RNA sequence reads based on the reference genome sequence following Quick et al. (43) and found that, on average, the direct RNA sequencing read has 88% identity and 12% error (see detail in supplementary table TS6).
As shown in Figure 3A , the distribution of high quality direct RNA sequencing reads obtained from both growth conditions have similar shapes, indicating a transcriptome signature of CEN.PK113-7D that can be captured by sequencing. Moreover, the distribution of direct RNA sequencing reads agrees with the distribution of transcript lengths obtained from gene annotations. The direct RNA sequencing reads were further aligned to the CEN.PK113-7D genome, and the level of expression of individual transcripts, with respect to the gene calling and annotation, were determined by simply counting the number of mapped reads on the individual transcripts. We found that ∼91% of the predicted transcripts (5433 from 5994) can be consistently detected across the four biological replicates of growth on either glucose or ethanol. Under the same criterion, out of the 492 non-translated transcripts, almost all of them (398 or 81%) did not pass the criterion (see supplementary Table TS7 ). The absence of non-translated tran- scripts is likely due to the experimental method of extracting transcripts, which was based only on the presence of a poly(A) tail by the poly(A) selection strategy. This would exclude polymerase III transcripts. We further explored the mapped direct RNA sequence reads to the 479 known spliced genes in the genome and found that 80 spliced genes (17%) were not expressed at all in any of the growth conditions used in the experiments. We found only 10 spliced genes (2%) that had direct RNA sequence reads covering less than 95% of total exon length. The rest (389 spliced genes) had direct RNA sequence reads mapped covering their exons (see supplementary Table TS8) .
Only a few transcripts are highly expressed. There are only 22 transcripts with >5000 direct RNA sequencing reads mapped for either growth condition, as illustrated in Figure 3B . As expected, the well-known glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is one of the most abundant mRNAs. It is the most abundant transcript during growth on glucose, and the third-most abundant during growth on ethanol. Besides this, TDH2, which is the homolog of GAPDH, is also highly expressed under both growth conditions. The three key transcripts of enzymes for glycolytic pathways, the 3-phosphoglycerate kinase (PGK1), glycerate phosphomutase (GPM1) and fructose-1,6-bisphosphatase aldolase (FBA1) are highly expressed under both growth conditions. In addition, transcripts encoding the translation elongation factor TEF1 and the paralog TEF2 were found to be constitutively high expressed. The constitutively high expression of PGK1 and TEF1,2 are in agreement with a study by Partow et al., who reported high performance of the promoters of these transcripts in a yeast expression vector (44) . The three transcripts of enolase (ENO1), the major form of pyruvate decarboxylase (PDC1) that is key for alcoholic fermentation, and alcohol dehydrogenase (ADH1) involving in ethanol production, were specifically highly expressed during growth on glucose, as expected, clearly reflecting the respiro-fermentative metabolism. Faster growth of cells on glucose than on ethanol resulted in overexpression of three ribosome-related transcripts (RPL41A, RPS31, RPS12) and a transcript cod-
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Nucleic Acids Research, 2018, Vol. 46, No. 7 e38 ing cell wall mannoprotein (CCW12). On the other hand, highly expressed transcripts encoding heat shock proteins (HSP26, HSP12), oxidative stress protection, and overexpression of many stress related transcripts (SIP18, TMA10, GRE1, DDR2, HOR7) were specifically observed in growth on ethanol, reflecting oxidative stress. Moreover, CIT2 encoding citrate synthase (peroxisomal isozyme) was overexpressed during growth on ethanol, indicating that the glyoxylate shunt is active.
The ONT technology enables very long sequencing reads, a capability we explored in detection of full-length transcripts from the obtained direct RNA sequencing data. The direct RNA sequence reads that have 95% covered of the total transcript length were considered the full-length transcript reads and were used to calculate the fraction of fulllength transcript detected. As seen in the violin-boxplots in Figure 3C , most of the detected transcripts have around 70% full length, with a small influence by the growth condition (see supplementary Figure S6 for violin-boxplot of detected full-length transcripts for individual sample). As expected, the fraction of detected full-length transcripts declined with increasing transcript length but independent of expression level, as illustrated in the bubble plots of Figure  3C (see supplementary Figure S7 for the plot of detected full-length transcripts versus expression level of transcript in detail). It is interesting that the direct RNA sequencing can detect full-length transcripts over 5kb. The heterogeneity of individual transcript lengths may reflect information about RNA turnover.
An important goal of transcriptome analysis is differential gene expression identification. We first evaluated the intrinsic variability of transcriptome data using principle component analysis and found clear separation (90% of variance capture by PC1) between the two growth conditions as illustrated in Figure 4A . A simple count of the number of direct RNA sequence reads mapped to individual transcripts can be used as a proxy for quantification of gene expression that is a very similar approach to the traditional short read RNA-Seq. Therefore, we employed the DESeq2 method (34) to estimate the transcript-level statistic of transcriptional changes between growth on ethanol as summarized in the MA plot and violin-boxplot of adjusted P-values illustrated in Figure 4B and C. We further evaluated the biological sense of differential gene expression results using gene-set enrichment analysis (36) , as illustrated in Figure 4D . The identified enrichment GO terms show reasonable explanations, in terms of known physiology of the classic diauxic growth pattern in yeast. For example, the GO terms related to transcription and translation processes were up-regulated in growth on glucose, which is in agreement with the higher growth rate on glucose than on ethanol. It is known that after glucose depletion, ethanol, which is a fermentative product, will be utilized through oxidative metabolism; this is in agreement with the upregulated GO terms related to TCA cycle, glyoxylate shunt, and mitochondria electron transport. Lack of nutrients and accumulation of toxic metabolites in the growth on ethanol products were revealed by the up-regulated GO terms, responses to stress, catabolic processes, and beta-oxidation.
We further compared the dynamic range of transcript detection between direct RNA sequencing using ONT and traditional RNA-Seq (using Illumina technology obtained from our previous study (22) ). Based on the read mapping results as shown in Figure 4E , the number of mapped reads obtained from the Illumina dataset is about ten times higher than the ONT dataset due to the different read lengths (200 bp for Illumina, compared to >1000 bp for ONT). Therefore, the total length of mapped reads (that is, the total number of bp sequenced) was used instead to fairly compare the sequencing depth. We found that the ONT dataset has about half amount of the Illumina dataset, corresponding to about 64X and 118X of transcripts length, respectively (see Supplementary Table TS9 for more details). The distribution of the library size-corrected mean coverage depth across the transcripts for each biological replicate of Illumina and ONT dataset is illustrated in Figure 4F to compare dynamic ranges (see supplementary Figure S8 for the same data without library size correction). Both datasets have similar dynamic ranges across the different biological replicates, except e0 and g1, which have much lower sequencing depths than the other replicates (see Supplementary Table TS9 ). The dynamic range comparable to the lower half of the sequencing depth of direct RNA sequencing data might be reflective of the different methodologies. For RNA-Seq, the RNA is first converted to cDNA, then amplified, sequenced, and mapped back to the transcript. In contrast, for direct RNA sequencing, the RNA is sequenced directly.
We examined regions of chromosomes to get an idea of the local transcriptional landscape structures. Figure 5A illustrates the simultaneous detection of mature and premature mRNA for the CENPK 0H0066W (RPL27A, Ribosomal 60S subunit protein L27A) locus. Figure 5A shows results for mapping the reads using GraphMap software (24) with non-guided mapping ( Figure 5A , upper panel), compared to the transcript model guided mapping ( Figure 5A , lower panel), which results in a very clean mapping signal for the exons. In another example ( Figure 5B ), we found an unexpected region that shows evidence of a polymerase II missed termination on the first ORF, which continues to transcribe until the termination of the second gene. These two genes are located in the region of 492 500 to 494 500 on Chromosome VIII. The two ORFs, CENPK 0H0281W (PTH1, Peptidyl-Trna Hydrolase) and CENPK 0H0282W (ERG9, Farnesyl-diphosphate farnesyl transferase), are illustrated in Figure 5B . We then compared the Polymerase II missed termination on the locus between direct RNA sequence reads (upper panel) with 'traditional' RNA-Seq results from short reads (lower panel). The long reads give a clear signal in support of read-through from the first transcript. In contrast, the short reads that are aligned in the region between the two ORFs are not firm covered, resulting in a lower-confidence signal possibly leading to a missed identification. We further explored the region and found that CENPK 0H0281W has no polyadenylation signal sequence (see Supplementary Figure S9) ; thus, it is likely that properly terminated full length transcripts of this gene would not be enriched in the poly(T) purification step. This reveals uncommon transcriptional regulation of the second gene (homolog to ERG9), which is a key gene in the sterol biosynthesis pathway in yeast. Moreover, the coverage plots clearly show that direct RNA sequence reads provide a ho- mogeneously distributed signal over any ORF transcript. This even distribution is not seen in traditional RNA-Seq results. The 'bumpy' grey distribution seen in Figure 5B lower panel, compared to the relatively smooth grey band in the upper panel means the short reads have a less homogeneous distribution, possibly due to uneven amplification that needs further investigation at a similar sequencing depth.
Surprisingly, we found some high-confidence non-coding exon ORFs that have direct RNA sequence reads mapped ( Figure 5C , D, and E). The locus CENPK 0L0245C, with homologs to 35S rRNA (RDN37-1,2), predicted to be processed to 25S and 18S rRNA genes, has direct RNA sequence reads mapped indicating polyadenylation of the transcripts from this locus, and these rRNA genes might be transcribed by polymerase II rather than polymerase III. These findings are consistent with the discovery of polyadenylation on yeast rRNA by Kukai and coworkers (45) that used specific primers to probe polyadenylated rRNA. Interestingly, we found a signal of direct rRNA sequence reads in the region around the locus CENPK 0L0245C on both ethanol and glucose conditions (see supplementary Figure S10 ). This region of chromosome XII has an unusually high DNA sequencing coverage depth, as shown in Figure 2A .d, and contains many copies of rRNA genes, based on predicted gene annotations. We found the polyadenylated rRNA transcript of telomerase RNA gene (TCL1), required for telomere replication at the locus CENPK 0B0178W, that is consistent with the study of Chapon et al. (46) . In addition, we found polyadenylation of a long non-coding RNA transcript, which is the key regulation of the molecule (47), on the locus CENPK 0J0330C homologs to LTR1 involved in mating-type control of gametogenesis. We also found a polyadenylated antisense transcript from the 5 region of CENPL 0L0204W homolog to regulation of RNA polymerase I (RRN5), an encoding e38 Nucleic Acids Research, 2018, Vol. 46, No. 7 PAGE 12 OF 15 transcription factor member of upstream activation factor (UAF) family ( Figure 5F ).
It is well-known that UTRs can impact mRNA processing, gene expression, and protein synthesis. We identified most of the 5 UTRs and 3 UTRs of CEN.PK113-7D using our direct RNA sequencing data, and compared it to those found in strain S288C, as reported by Nagalakshmi et al. (48) . As shown in the histograms in Figure 5G , the identified 5 and 3 UTRs of the both studies are in agreement.
DISCUSSION
DNA library prep and read length is important for assembly
De novo assembly of eukaryotic genomes, which have large genome sizes and many repetitive regions, has made it almost impossible to obtain complete contiguous sequences of chromosomes with current short-read-based technology. The short read lengths obtained from second-generation sequencing make the problem mathematically hard in spite of high coverage, even though several algorithms have been developed to help overcome this problem (49) . In our study, we used third-generation sequencing methods (with both ONT and PacBio) that yield very long reads, leading to successful de novo assembly of complete sequences of all 16 main yeast chromosomes in one step. Interestingly, even though the sequencing depth coverage of ONT reads was 6-fold lower than for the PacBio reads, the ONT assembly yielded contiguous chromosome sequences for all 16 chromosomes. The PacBio assembly had a small problem assembling the mitochondria chromosome, which could be the result of excessive DNA sequencing depth in combination with the short length of the mitochondrial chromosome. We could possibly improve this by adjusting the coverage depth when performing the assembly. The slightly better results obtained with ONT assembly compared to PacBio assembly could be due to the longer N 50 of the reads, which would provide longer pieces of DNA to anchor contigs The shorter read length distribution of PacBio reflects a different way of preparing the starting DNA for sequencing library preparation. Based on the PacBio sequencing protocol, we sheared the DNA before we made the sequencing library. This optimizes the CCS chemistry, as performance drops for DNA fragments longer than 25 kb. In contrast, we did not shear DNA for ONT sequencing library preparation. It is likely that shearing of the DNA is not completely random, and assembly across some breakage 'hot spots' could be difficult. Further, it is reasonable to assume that having very long reads is an important factor to obtain the complete sequence of eukaryal organisms through de novo assembly.
Repetitive regions and high copy numbers of small pieces of DNA in the genome cause difficulty with de novo assembly Large eukaryal genomes typically contain several highly repetitive regions; these represent one of the biggest technical challenges when performing de novo assembly on short reads (50) . The yeast S. cerevisiae, which is the subject of this study, has few repetitive regions (compared to plant or animal genomes, for example), except for telomere regions. These repetitive regions caused assembly errors in joining the ends of chromosomes VII and XIII when the sequencing depth was increased by combining the ONT and PacBio reads. In addition, the OP assembly resulted in an additional three contigs from telomeres that cannot be joined to any chromosome. This kind of problem will be amplified in larger eukaryal genomes, such as human genomes, which contain repetitive sequences in more than half of the genome (51) . Obtaining very long reads that can cover repetitive regions will, however, reduce assembly difficulties.
S. cerevisiae has many copies of the 2-micron plasmid, with a size of around 6.3 kb, which is shorter than the N 50 length of ONT and PacBio reads. Interestingly, the most abundant reads' lengths, observed as a spike in the histogram in Figure 1A , are similar to the size of the 2-micron plasmids. We further found that more than 7,899 ONT reads and >1400 PacBio reads cover the full-length of the 2-micron plasmid; however, few of the PacBio reads that match the 2-micron plasmid are full-length (see the distribution in supplementary Figure S11 ). The high abundance of 2-micron plasmid reads might confuse the assembler into connecting them into longer multi-copy plasmid chimeric assemblies (see supplementary Figure S2 ). Therefore, natural plasmids, which are commonly found in fungi and some plants (52) , need to be carefully annotated during genome assembly.
Genome annotation: the next important step
Genome annotation is the next important step after genome sequences are achieved. Annotation is a challenging and time-consuming task that requires manual curation from experts and the research community to obtain high-quality results (53) . Even with the most studied eukaryote, S. cerevisiae, high quality gene annotation requires curation. Therefore, we have provided the CEN.PK113-7D genome browser for the yeast community to curate and validate the current annotation. The browser includes processed information of the complete genome sequence, automated gene annotation, DNA methylation sites, direct RNA sequence alignments, and 5 and 3 UTR location prediction using the JBrowse software (54) . The CEN.PK113-7D genome browser is freely available at http://genomebrowser.uams. edu/cenpk1137/.
Direct RNA sequencing enables single molecule quantification
Traditional RNA-Seq by short reads requires the conversion of transcripts to complementary DNA (cDNA) and amplification before measurement through secondgeneration sequencing. These two procedures introduce artifacts and biases as seen in the non-uniform signal of coverage plots in Figure 5B (ii), lower panel; however, direct RNA sequencing provides a solution--single molecule detection ( Figure 5B (ii), upper panel) .
The dynamic total RNA and mRNA concentrations in the cell at different cellular states directly impact analysis of the transcriptome, and have been simplified under the assumption that cells produce similar levels of RNA per cell as well as using similar amounts of total RNA as the beginning step without internal spike control, leading to erroneous in-
